Abstract: Nanofluids are new generation heat transfer fluids and are preferred over conventional fluids for heat transfer applications. Nanofluids are characterised by their enhanced thermal conductivities, high energy density and better heat transfer capabilities than the base fluids without nanoparticles. Glycol based fluids exhibit an anti-freezing characteristics at sub zero temperatures and hence widely used in heat exchangers in cold regions. In the present experimental work, CuO nanoparticles of size less than 50 nm are suspended in the base fluid of propylene glycol-water (60:40 by volume) mixture, in the range of 0.025, 0.1, 0.4, 0.8 and 1.2% volume fraction and CuO nanofluids were prepared. The effective thermal conductivity of nanofluids for different particle volume concentration is measured at different temperatures of nanofluids. The experimental results obtained show that thermal conductivity of nanofluids increases with increase in temperature and particle volume concentration of nanofluids. The conductivity data obtained in present investigation are compared with conductivity models and correlations available in the literature.
Introduction
The vast new world of nanotechnology provides fertile grounds for scientific advances and the development of novel devices and materials which will affect the well-being of all. In recent years, several scientists and engineers have introduced nanofluids or stable suspensions of nanoparticles into host fluids, which shows great promises. Nanofluids are extensively used to study the heat transfer properties, and could potentially enhance the efficiency of large-scale heat exchangers used in chemical processing plants and HVAC systems as well as small scale heat exchangers used in the automotive and computer cooling sectors. Traditional heat transfer fluids like water, oils and glycol mixtures have inherent low heat transfer performance. Passive heat transfer techniques by extended surfaces increases the size and cost of the equipment. Hence there is a strong need to develop new kinds of fluids with substantially improved thermal conductivities and heat transfer capabilities to manage the thermal loads in heat transfer equipments. Nanoparticles suspended in conventional heat transfer fluid are known as nanofluids and this term of nanofluid was coined for the first time by Choi (1995) at the Argonne National Laboratory in 1995.
Nanofluids poses some unique features different from conventional two-phase flow mixture, offer large total surface area and exhibit better thermopysical properties like thermal conductivity, specific heat. Fluids containing nanoparticles are expected to give more thermal conductivity than those of conventional fluids. The concept of enhancement of thermal conductivity by particle suspension in the fluid dates back to 1881 with Maxwell's theoretical work on thermal conductivity of coarse grained particles suspensions in fluids. Particles of micro or milli-size suspension in fluids cause erosion, clogging of passages and sedimentation in the equipments and was studied by Wasp (1977) . Ahuja (1975) and Liu et al. (1988) carried their investigations on practical implication of hydrodynamics and heat transfer of slurries modern technology facilitates to produce, process and characterise materials with average crystalline sizes below 100 nm. Argonne National Laboratory has produced nanofluids and conducted proof test (Eastman et al, 1995) . Nanoparticles of Al 2 O 3 and CuO nanopowder have exhibited excellent dispersion quality and increased thermal conductivity when suspended in heat transfer fluids like water, oils and glycols mixtures. Brownian motion of the particles and large surface area are supposed to be responsible factors for enhanced thermal conductivity of nanofluids. A detailed measurement of thermal conductivity of Al 2 O 3 and CuO particles dispersed in ethylene glycol and water base fluids was done up by Lee et al. (1999) . Thermal conductivities of nanofluids are measured using transient hot wire method. A considerable improvement in thermal conductivities of the nanofluids was noticed and these techniques created an interest in heat transfer studies using nanofluids.
A recent study by Xuan and Li (2000) revealed that particles as large 100 nm can also offer fluid stability with small amount of laurate salt as dispersant.
Maxwell (1881) developed a classical theory of thermal conductivity of spherical particles and Hamilton and Crosser (1962) modified this theory for non-spherical particles suspended in fluids. Lee et al. (1999) later confirmed that the Hamilton and Crosser models agree with Al 2 O 3 /water or ethylene glycol nanofluids but fails with CuO nanofluids. The possible reason attributed for the failure of Hamilton and Crosser model to predict the effective thermal conductivity CuO nanofluids is smaller size of CuO nanoparticles when compared to the size of Al 2 O 3 nanoparticles. Thermal conductivity of Cu nanoparticles in water is enhanced by Xuan and Li (2000) . Eastman et al. (2001) brought out surprising results that nanoparticles of size of less than 10 nm can result in about 40% thermal conductivity enhancement with only 0.3% volume fraction of nanoparticles. The abnormal increase in the effective thermal conductivity of nanofluids with smaller size nanoparticles was not explained by Maxwell and Crosser's models because they did not take into account the increased surface to volume ratio of nanoparticles. This ratio increases with decrease in nanoparticle size.
In all the above investigations, water or ethylene glycol was used as base fluids for measurement of thermal conductivity of nanofluids at room temperature. Das et al. (2003) reported a four fold enhancement in the thermal conductivity of CuO nanoparticles dispersed in water in the temperature range of 21°C to 51°C. Thermal conductivity of propylene glycol-water base fluid was measured by Sun and Teja (2004) at different temperatures for different mole fraction of propylene glycol. Propylene glycol-water solutions are generally used as anti-freezing heat transfer fluids in the colder regions. No work is reported on the CuO nanofluids with propylene glycol as base fluid. Propylene glycol is chemically more stable, non-toxic and ensures stability to nanofluids when compared to ethylene glycol. In the present experimental work the effect of nanoparticle volume fraction and temperature on the thermal conductivity of propylene glycol-water mixture (30:70 mole %) and CuO nanofluids is investigated.
Preparation of nanofluids
Preparation of nanofluids is a pre requisite for measuring the thermo physical properties of nanofluids. In the present work, CuO nanoparticles of less than 50 nm and particle density of 6.3 gm/cc are used for the preparation of nanofluids. The amount of CuO nanopowder required for test sample of base fluid is calculated using law of mixture in terms of percentage of volume fraction, density of CuO nanoparticles and density of propylene glycol-water mixture base fluid. A sensitive balance with 0.1 mg resolution is used to weigh the nanoparticles and then the particles are suspended in propylene glycol and water mixture (60:40 mols%) in volume fractions in the range of 0.025, 0.1, 0.4, 0.8, and 1.25%. The CuO nanoparticles agglomerate and form clusters. Scanning electron microscopic image of CuO nanoparticles is shown in the Figure 2 . The test samples were subjected to magnetic stirring and then an ultrasonic vibration to disperse the CuO nanoparticles in the base fluid. Nanoparticles agglomerates observed to be in the nano size when suspended in the base fluid. No sediment is observed even after ten hours. No surfactant is used as it hampers the properties of the nanofluids. In general nanofluids can be stabilised by adding suitable agent like oleic acid or laurate salt when used in practical applications. The nanofluids thus prepared are assumed to be an isentropic and the thermo physical properties are uniform and constant with time all through the fluid sample and the nanofluids considered as Newtonian fluids.
Experimental set up and procedure

Description
The experimental setup to measure the thermal conductivity of nanofluid is shown schematically (Siam Sunder and Sharma, 2008) in Figures 1(a) and 1(b) is the test section wherein nanofluid is injected. The experimental setup consists of test section which is cooled by cooling water by continuous supply of the cooling water at a rate of 3 l/min. Test section is heated with the help of DC power supply. The temperatures are measured in the test section through a number of thermocouples placed in test fluid and inside surface of the test fluid chamber followed by a filter which is finally fed to the data acquisition system comprising of a card for logging the measured data. The data logger is in turn interfaced to the computer with proper software for online display that is required to assess the recording data. Since, in the present experiments the prime objective is to observe the effect of temperature on the enhancement of thermal conductivity, the control of temperature of the heater is controlled with the dimmer stat. The test section is a flat cylindrical cell as shown in Figure 2 The fluid whose thermal conductivity is to be measured is filled in the small radial clearance between a heated plug and water cooled jacket. The clearance is small enough to prevent natural convection in the fluid and the fluid is presented as a lamina of face area and the thickness to the heat transfer of heat from the plug to the jacket. The plug is machined from aluminium and contains a cylindrical element whose resistance at the working temperature is accurately measured. A thermocouple is inserted in the plug close to its external surface and the plug also has ports for the introduction and venting of the fluid under test. The plug is held centrally in the water jacket by 'O' rings which seal the radial clearance. The jacket is constructed from brass and water inlet and drain connection and thermocouple is carefully fitted in the inner sleeve. A small console is connected by flexible cables to the plug/jacket assembly and provides for the control of the voltage supplied to the heating element. An analogue voltmeter enables the power to be determined and a digital temperature indicator with 0.1 resolution display the temperature of the plug/jacket surfaces.
Operation
The incidental heat transfers in the unit are determined by using air in the radial space. Once calibrated the results may be carefully preserved and used subsequently. Cooling water is passed through the jacket and adjusted the heat input to give small temperature difference across the air lamina. The voltage and temperature are noted after ensuring steady state. The rate of heat transfer is then calculated using the relation
The difference between heat input (volts 2 /resistance) and the calculated value, is the incidental heat transfer at the given temperature. This may be repeated for other plug and jacket temperatures and the calibration curve showing the incidental heat transfer against plug/jacket temperature difference may then be drawn and kept for reference.
Determination of thermal conductivity
The unit is cleaned and reassembled. The fluid to be tested is then introduced into the radial space. Sufficient water is passed through the jacket and the heater is adjusted to give a reasonable temperature difference and heat transfer rate. After steady state, the rate of heat transfer and plug/jacket temperature may be observed. After deducting the incidental heat transfer at the given temperature difference it is known that the remainder is passing through the fluid lamina. The conductivity of the fluid may then be readily calculated.
Error estimation
The main source of experimental uncertainty in the measurement of thermal conductivity is the accuracy of thermocouples. In the present experimental work thermocouples of 0.1 C were used. To make the measurements more accurate the experiment is first calibrated by measuring the thermal conductivities of air and distilled water over the temperature range of 20°C to 65°C. The maximum deviation of thermal conductivities from standard values was estimated to be 4.8% over the temperature range considered.
Theoretical models
Several classical models like Maxwell, Hamilton and Crosser, Bruggeman and Wasp are available to predict the effective thermal conductivities of suspension of solid particles dispersed in continuous medium. The Maxwell developed a model to predict the effective thermal conductivity of liquid-solid suspension for low volume concentration of spherical nanoparticles. Thermal conductivity studies on nanofluids by different research groups reported considerable enhancements in the thermal conductivity of nanofluids when compared to their base fluids. Later on other models attributed to Wang et al. (2003) and Xuan et al. (2000) , appeared in the literature to predict the effective thermal conductivities of nanofluids. Some of the models for effective thermal conductivity are listed below. Maxwell-Eucken (Maxwell, 1891) model (Mamut, 2006) 
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λc, λd, λm are the thermal conductivity coefficients for continuous, dispersed and mixture phase of the fluids.
Hamilton and Crosser (1962) model for liquid-solid mixtures when the ratio of conductivity is larger than 100
where n is the shape factor and φ is sphericity which is equal to surface area of a sphere with a volume equal to that of the average particle/surface area of the average particle.
Bruggeman (Hui et al., 1999) model which is valid for spherical particles and considered interaction between particles
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where φ is the particle volume concentration, λp and λf are particle and base fluid thermal conductivity.
Results and discussion
To ensure accuracy in the measurement, thermal conductivity of propylene glycol and water mixture which constitutes the base fluid, was measured at different temperature, Figure 5 .The experimental results revealed that thermal conductivity is also increases with increase in the Nano particles concentration as can be seen in the Figure 6 . It is evident that the effect of nanoparticle concentration on the thermal conductivity of nanofluids is not much pronounced when compared to the effect of temperature of nanofluids. It can also be observed from the figure that more enhancement in the thermal conductivity is observed at higher temperatures than at lower temperatures of nanofluids.
For example for a nanofluid of 0.1% volume fraction the thermal conductivity is increased from 1.8% at 25°C to 15.97% at 65°C, where as the enhancement in the thermal conductivity of 1.2% volume fraction nanofluids is from10.9% to 43.37% at the same temperatures. The effect of particle volume concentration in the nanofluids also plays a role on the thermal conductivity of nanofluids. At temperature of 25°C, the enhancement in the thermal conductivity for 0.1 and 1.2 percentage volume fraction nanofluid is 1.8 %and 10.92% respectively. The Figure 6 gives the relationship between volume fraction and thermal conductivity ratios (ratio of nanofluid thermal conductivity to base fluid thermal conductivity) of CuO nanofluids at different temperatures. In the present paper the classical thermal conductivity models developed by Maxwell, Wasp and Bruggeman which were reviewed by Murshed et al. (2008) for predicting thermal conductivity of Al 2 O 3 nanofluids is used, because suitable correlations are not available in the literature to predict thermal conductivity of CuO nanofluids.. The classical models under predicted the thermal conductivity of Glycol based CuO nanofluids in the present investigation as CuO nanofluids exhibited enhanced thermal conductivity as can be observed from the Figure 7 . The probable parameters which promote thermal conductivity enhancement of CuO nanofluids include stochastic and Brownian motion of nanoparticles in the fluid. Temperature of the nanofluid increases the particle random movements. Thermal conductivity is a surface phenomenon and the increased surface area of the ultra fine CuO nanoparticles is another factor which is responsible for enhanced thermal conductivity of CuO nanofluids. 
Conclusions
The thermal conductivity property of PG/water base fluid was measured and found to be in good agreement with the data of ASHRAE and other experimental data reported in the literature. The CuO nanofluids are prepared and the effect of temperature on the thermal conductivity of PG/water-CuO nanofluids is presented in the present experimental investigation. For a volume concentration, a 10.9% to 43% enhancement in the thermal conductivity of nanofluids was observed in the temperature range 25ºC to 65ºC, for the nanofluid of 1.2% volume concentration. Both temperature and nanoparticle concentration parameters are attributed to the enhanced thermal conductivity of CuO nanofluids. The present experimental data is compared with thermal conductivity models.
All the models mentioned in this paper which are valid for Al 2 O 3 nanofluids are used as there are no suitable models or correlations available in the literature for CuO nanofluids to predict its thermal conductivity. The present experimental work of CuO nanofluids exhibited higher thermal conductivities when compared with thermal conductivity models. A more comprehensive theory needs to be developed to predict the effective thermal conductivity of the PG/water-CuO nanofluids.
